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Abstract.
The MACHO Project’s time-sampled photometric database contains
thousands of LMC variable star lightcurves. We briefly review the Cepheid
catalog. A third sequence is identied in the period{luminosity diagram,
lying parallel to and fainter than the 1H and F mode sequences. These
are excellent candidates to be Cepheids crossing the instability strip for
the rst time. However, we nd no evidence for period-changes in the
four-year MACHO lightcurves of these Cepheids. Anticipating the MA-
CHO four-year LMC variable star catalog, we undertake a preliminary
reconnaissance of the 18,500 year-one \red variables". The vast ma-
jority are newly discovered low-amplitude variable stars, and may be on
the asymptotic giant branch (AGB). We present the dual peaked dier-
ential luminosity function, period{frequency histograms, and the period{
luminosity diagram. New AGB variables in the LMC clusters NGC 1783
and NGC 1898 are identied. We make a comparison with AGB variables
in 47 Tuc and theoretical data; implications for the Mira PL relation are
discussed. Lastly, we present the lightcurve of a carbon-rich AGB variable
found near the LMC cluster NGC 2056 whose episodic fading is consistent
with discrete mass-loss events.
1email: alves@igpp.llnl.gov
1
Figure 1. Color-magnitude diagram for 1470 Cepheids (solid
squares) and 18,592 red variables (dots). Approximate envelope of blue
supergiants is shown as a dashed line. Fiducial points along the rst
ascent RGB are as dash-marks. AGB variables in the LMC clusters
NGC 1783 and NGC 1898 are large round symbols (see text).
1. Introduction
The MACHO Project is a microlensing survey (Alcock et al. 1997) that main-
tains a time-sampled photometric database for 22 million stars in the LMC.
Presently, a typical MACHO lightcurve consists of a thousand photometric mea-
surements spanning 5 years. Details of the MACHO telescope, instrument, data
reduction, and variable star selection can be found in Cook et al. (1996). MA-
CHO instrumental photometry in 22 high density LMC bar elds has been trans-
formed to V and RKC by comparisons with several thousand tertiary standard
stars calibrated at CTIO. Details of the MACHO photometric calibrations are
given by Alves (1998). The transformations have an accuracy of R = V−R
= 0.035 mag for 9 million stars covering approximately 10 square degrees of
the LMC bar region. This is estimated by a comparison of 300,000 stars in
eld-overlap regions. The color transformations employed in the MACHO cal-
ibrations are in good agreement with those derived from synthetic photometry
and Vilnius spectra (Bessel, 1996). Figure 1 is a calibrated color-magnitude dia-
gram (CMD) of 1470 Type I singly periodic Cepheids and 18,592 \red variables"
in the MACHO top 22 LMC bar elds.
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Figure 2. W{log(P ) diagram for short period Cepheids (see text).
2. Cepheids
First results from the MACHO LMC Cepheid catalog1 included the identica-
tion of 70 multimode (beat) Cepheids (Alcock et al. 1995, Welch et al. 1996)
and unambigous evidence for 2H (second overtone) excitation in Cepheids. A
detailed analysis of the 2H/1H beat Cepheid lightcurves has been used to predict
the behavior of elusive singly periodic 2H Cepheids (Alcock et al. 1997b). The
multimode Cepheids are not plotted in Figure 1 or 2. We have obtained twelfth
order fourier series ts to the calibrated four-year lightcurves for 1498 candidate
Cepheids using the procedure described by Simon and Lee (1981). 28 Cepheids
were removed from the catalog for the following reasons: very poor sampling in
the phased lightcurve, corrupt photometry, or suspected contamination from an
unresolved companion. The pulsation mode, rst overtone or fundamental (1H
or F), for the remaining 1470 Cepheids were identied using the fourier com-
ponent ratio R21 for those with log(P ) < 0:5 (the fundamental pulsators have
larger R21 ratios) and 31 for those with log(P ) > 0:5. 61 Cepheids appear in the
catalog twice and 2 appear in the catalog three times because they lie in eld-
overlap regions. We have identied 140 Cepheids lying within one arcminute
of known LMC clusters, from the lists of Kontizas et al. (1990), Lauberts (1982),
and Hodge and Sextan (1966).
The Cepheids in Figure 1, the calibrated CMD, show a very well-dened
blue edge, corresponding to the high temperature edge of the instability strip
(I.S.). We note that the MACHO Cepheid catalog is incomplete at bright mag-
nitudes due to saturation in our images. A recent search for Galactic foreground
RR Lyrae stars in the MACHO database (Alcock et al. 1997c) lead to the dis-
covery of new short period Cepheids. We conclude the MACHO LMC Cepheid
catalog is not complete at short periods either.
A preliminary investigation of the LMC Cepheid pulsation mass histogram
(Alves et al. 1997), limited to a range of periods expected to be complete in our
1Hereafter we refer to the Cepheids identied in the top 22 LMC bar elds as the MACHO
LMC Cepheid catalog. A paper presenting this Cepheid catalog is in preparation.
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catalog, showed an excess near Mpuls  5M over model distributions assuming
a constant star formation rate. The simplest interpretation is a short burst of
star formation  50-100 Myr ago, which is a highly model dependent result. If
the reasonable assumption of a uniform and moderately subsolar metallicity is
invoked for the LMC Cepheid population, the short period Cepheids in the faint
blue tail of the distribution in the CMD are in a region not populated by super-
giants crossing the I.S. a second time. The dashed line in Figure 1 approximates
the furthest extent of the \blue loops" Cepheids make in the CMD. The line is a
conservative outer envelope estimated by a comparison with isochrones (Bertelli
et al. 1994) and the sequence of (non-variable) blue supergiants seen in the com-
posite 9 million star CMD of the LMC bar (Alves 1998). The evolutionary status
of these short period variables is a puzzle.
Figure 2 is a log(P ){W diagram showing only short period Cepheids, where
W = R − 4(V − R) is a reddening-free color-magnitude index. The Cepheids
that lie below the dashed line in Figure 1 are plotted as large open symbols,
triangles for 1H pulsators and squares for F pulsators. A third low luminosity
sequence, parallel to the 1H and F mode sequences, is clearly evident. These
\third sequence" Cepheids are excellent candidates to be crossing the I.S. for
the rst time. However, we nd these Cepheid lightcurves to be consistent with
no detectable period-change over four years. This is contrary to what might
be expected for rapidly evolving rst-crossing Cepheids. The third sequence
Cepheids lie well o of the LMC TypeII Cepheid and RV Tauri period-magnitude
relation (Alcock et al. 1997d, Pollard et al. 1996). The relation of the third
sequence Cepheids to the short period Cepheids lying on the classical F and 1H
Cepheid sequences remains unclear.
3. MACHO Red Variables
The year-one MACHO red variables are dened by their location in the CMD and
selected for poor chi-squared ts to a constant brightness lightcurve using only
the rst year of MACHO photometric data. They are not necessarily periodic.
Shown in Figure 1 as dash-marks are ducial points along the rst ascent red
giant branch (RGB) and the tip of the RGB, as estimated from the 9 million
star CMD. There is a clear concentration of red variables below the apparent tip
of the RGB. In the region of the CMD most densely populated by the MACHO
red variables, we nd the ratio of variables to non-variables is approximately
33%. A comparison with artical luminosity functions generated from the stellar
evolution tracks of Vassiliadis and Wood (1993), for a range of initial masses
and metallicities, shows the ratio of AGB to RGB stars near the tip of the RGB
to vary between 10-50%. Our ratio of variables to non-variables is therefore
consistent with the identication of the variables as AGB stars. 87% of the
MACHO red variables have R amplitudes < 0.5 mag, below the detection limit
of previous wide eld LPV surveys in the LMC (e.g. Hughes and Wood, 1990);
thus most of the MACHO red variables are newly discovered.
For the red variables, we adoptMbol = 0:75R−3(V −R)−12:45, derived from
a t to the Padova isochrones and in fair agreement with M-type cluster variables
(Table 1). We assume an LMC distance modulus of 18.5 mag, and employ
mean calibrated V and R magnitudes. Figure 3 is the dierential luminosity
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Figure 3. Dierential luminosity function of year-one MACHO red
variables.
function (dN=dMbol) of the MACHO red variables. The distribution has two
peaks. Theoretical modeling of single initial-mass AGB star luminosity functions
suggest that the peak near Mbol  −3:4 is consistent with a \pile-up" due to
slower early-AGB evolution prior to entering the thermal-pulsing phase of the
AGB. The second broad peak, near Mbol  −4:2, is not reproduced in our single
initial-mass model luminosity functions.
3.1. AGB Variables in NGC 1783 and NGC 1898
The R phased ve-year lightcurves for eight new AGB variables in the
LMC cluster, NGC 1783, are shown in Figure 4. Photometric error bars are
roughly the size of the symbols used. Each lightcurve contains about 100 points,
as this is a sparsely sampled outer LMC eld. Periods are derived with the
MACHO supersmoother (Riemann, 1994). NGC 1783 is a rich, 2-3 Gyr old
cluster located well outside of the LMC bar. We have not yet derived calibrations
for this outer LMC eld, thus the MACHO photometry is transformed to V and
RKC by comparison with the standard stars of Alvarado et al. (1995). Our
MACHO photometry eld star subtracted CMD of NGC 1783 shows the same
main sequence turn-o seen by Mould et al. (1989), conrming a cluster age of
2-3 Gyr, depending on the adopted isochrones. The AGB stars are identied as
members of NGC 1783 because they appear close to the cluster center; radial
velocity measurements would be valuable. Finding charts and original AGB star
identications are found in Lloyd Evans (1980), near-infrared photometry and
mbol is assembled from Frogel et al. (1990), and spectral types from Mould et
al. (1989). The metallicity of NGC 1783 is [Fe/H] = −0:5 dex (Cohen, 1982).
In Figure 5, we present the phased and un-phased lightcurves for three
AGB stars in the LMC cluster NGC 1898, again identied as members because
of their small projected distance from the cluster center. Overplotted on the
phased lightcurve data as large solid circles are the phase bin-averaged points.
The periods derived are fairly robust, changing by only a few days when de-
riving supersmoother periods for one year intervals. We caution, however, that
the relation of these \average" periods to the \true" pulsation periods remains
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Figure 4. Phased lightcurves for eight new AGB variables in NGC 1783
unclear. NGC 1898 is believed to be an ancient LMC cluster (Olszewski et al.
1996) with a metallicity of [Fe/H] = −1:4 dex (Olszewski et al. 1991). Finding
charts, near-infrared photometry and mbol are found in Aaronson and Mould
(1985).
Figure 6 shows the log(P ){Mbol (PL) diagram for the new cluster variables
(NGC 1783 solid circle, NGC 1898 open circles) and AGB variables from 47 Tuc
(solid triangles). For the latter, periods and mbol are taken from Whitelock
(1986) and near-infrared photometry can be found in Feast (1996). The long
dashed line at the right of Figure 6 is the mean PL relation for LMC Miras (Feast
et al. 1989). Also shown are model PL tracks discussed in the next section. Note
that the 47 Tuc and NGC 1783 cluster sequences are essentially parallel, and
much shallower than the Mira PL relation. The luminosity oset between the
cluster sequences is consistent with the dierent main sequence turn-o masses of
the clusters. The largest amplitude cluster variables (e.g. those similar to Miras)
lie close the Mira PL line. These data favor the interpretation of the Mira PL
relation as the locus of terminal points along shallow evolutionary tracks. It is
unlikely that the Mira PL is an evolutionary sequence.
3.2. Comparison with Theory
We will use the cluster variables and theoretical data to further investigate the
evolutionary paths of AGB variables in the PL diagram. In this excercise, we
make the critical assumption that the AGB variables pulsate in a single mode
along the model PL tracks. We adopt the z = 0:004 stellar evolution tracks of
Vassiliadas and Wood (1993) as appropriate for both NGC 1783 and 47 Tuc,





Figure 5. Phased (top) and un-phased (bottom) lightcurves for three
new AGB variables in NGC 1898 with phase bin-averaged points over-
plotted (solid circles). Error bars omitted for clarity.
latter. Hereafter assuming Mbol; = 4:75, and everything in standard units we
adopt the following,
log(PF ) / 1:94 log(R)− 0:9 log(M) (1)
log(PH) / 1:50 log(R)− 0:5 log(M) (2)
Mbol = −205:63 + 124:2 log(T )− 18:6 log
2(T ) + 1:75 log(M)− log(z) (3)
The pulsation equations (Eqns. 1 & 2) are adopted from Wood (1990) and Fox
and Wood (1982), where the latter reference indicates these relations may de-
pend on luminosity. Eqns. 1 & 2 are proportionalities; we will force agreement
of the AGB evolution models, projected into PL, with the terminal ends of the
NGC 1783 and 47 Tuc cluster data. Shifting the model tracks in log(P ) to
match our two best sampled cluster sequences bypasses the systematic uncer-
tainties associated with adopting a temperature scale, but depends critically on
the thermal-pulsing AGB models. Eqn. 3 is our reference AGB, necessary to
eliminate log(M) from Eqns. 1 & 2. We nd a reference AGB that is linear in
log(T ) to be a poor t to the AGB models of Vassiliadis and Wood fainter than
Mbol  −3:5 (e.g. Feast 1996, Vassiliadis and Wood 1993, Wood 1990) and have
derived our own quadratic t applicable to Mbol  −3, which is preferred when
a comparison with relatively low luminosity AGB stars will be made.
Using the standard relation for luminosity, radius, and eective temperature
we derive:
log(PF ) = 0:457 log(L) + 59:99 log(T )− 9:57 log
2(T )− 92:15 (4)
log(PH) = 0:465 log(L) + 32:49 log(T )− 5:32 log
2(T )− 47:90 (5)
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Figure 6. AGB variables from NGC 1783 (solid circles), NGC 1898
(open circles), 47 Tuc (solid triangles), thousands of MACHO red vari-
ables, model evolution PL tracks, and the LMC Mira PL relation. Pe-
riod aliasing for the red variables is seen near one year.
which allows us to project any AGB log(L){log(T ) model sequence into the
PL diagram. The heavy solid lines in Figure 6 labeled with initial masses are
smoothed F mode evolution PL tracks for the model tting procedure described
above. The rst overtone (H=1H mode) tracks do not follow the cluster variable
sequences well when forced to match the end-points of the cluster data. We have
shifted them log(P ) = −0:35, appropriate for an 1H/F period ratio  0.45 at
the ends of the PL tracks, and plotted these as short dashed lines.
The agreement between the evolution PL tracks and the cluster variables
is fair, and supports our claim that the luminosity oset between the shallow
NGC 1783 and 47 Tuc AGB variable sequences is due mostly to the dierent
main sequence turn-o masses. With the assumptions and data employed in this
analysis, we nd the majority of the cluster variables to be consistent with F
mode pulsation, with more luminous outliers consistent with 1H mode pulsation.
We caution that these comparisons are very sensitive to uncertainties in modeling
mass-loss to the end of the thermal-pulsing AGB and the dependence of the
period-mass-radius relations on luminosity and pulsation mode (Fox and Wood,
1982). Once the AGB variables begin thermal-pulsing, we expect them to be
racing up and down the evolution PL tracks.
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Figure 7. Period distribution of year-one MACHO red variables for
Mbol > −3:7 and Mbol < −3:7, solid and dotted histograms respec-
tively.
3.3. Periodic MACHO Red Variables: Speculative Remarks
Also plotted in Figure 6 are the year-one MACHO red variables where we
have adopted the most signicant single-cycle supersmoother period found for
the R lightcurves. Stars plotted are a subset of the full year-one red variable cat-
alog. Strong aliasing near one year is seen, caused by the timespan of MACHO
observations in dierent LMC bar elds. Periods longer than a half year are sus-
pect. In Figure 7, we plot the period{frequency histograms for the red variables
brighter and fainter than Mbol = −3:7 mag. We will make a few speculative
remarks, guided by the AGB cluster variables and our preliminary modeling
exercises, noting that superior period data using four-year MACHO lightcurves
will soon be available. We assume that the supersmoother periods reflect stellar
pulsation.
(1) Many of the red variables lie below the tip of the RGB, although their
numbers are roughly consistent with being on the AGB. If low-amplitude photo-
metric variability distinguishes early-AGB stars from RGB stars, we are probing
the AGB luminosity function to lower luminosities than previously obtained (e.g.
Reid and Mould 1984). Interpretations of these data must plausibly explain the
low luminosity peak clearly evident in Figure 3.
(2) If the peaks in the period distribution for the low luminosity red vari-
ables (Fig. 7) are due to early-AGB evolution along PL tracks in single pulsation
modes, they may reflect the temperatures of superposed AGB populations. The
period is very sensitive to the temperature. If the NGC 1898 variables are rep-
resentative of the low luminosity red variables concentrated near log(P ) = 1.62,
the ancient LMC population is fairly metal-rich (e.g. cool).
(3) AGB evolution PL tracks for models with initial masses greater than
M = 1:5 show early-AGB pile-ups at short periods and bright bolometric mag-
nitudes, which is not observed. We speculate that the short period envelope
of red variables implies a blue edge of an AGB variable instability strip that










Figure 8. R and (V −R) lightcurves for a carbon star near NGC 2056.
Error bars omitted in the color curve for clarity.
(4) Although we have calculated single pulsation mode evolution PL tracks,
it is unknown whether the AGB variables change modes. It is plausible that the
AGB variables do change modes when evolving through the PL diagram. The net
eect would be observed evolution PL sequences (e.g. in clusters) shallower than
the single mode model evolution PL tracks. In this scenario, superposed AGB
populations might explain the dual peaks in the dierential luminosity function
(Fig. 3). However, it almost certainly requires a blue edge of an instability
strip, nely tuned to reproduce both the luminosity and period distributions
(e.g. Groenewegen and de Jong 1994). A search for multimode pulsation in the
densely sampled MACHO red variable lightcurves is critically important, as is
the search for more AGB variables in clusters.
(5) Our single initial-mass model period distributions show peaks near the
terminal ends of the evolution PL tracks. Clustering along the Mira PL, once
the four-year period data is obtained, should be a sensitive test for superposed
populations.
(6) The time derivative of the temperature change during thermal-pulsing
AGB evolution in our single initial-mass models predicts that the distribution
of period-changers along the evolution PL tracks are skewed negative (e.g. more
variables should be observed changing toward shorter periods). Furthermore,
more massive models spend relatively more time with negligible period changes
than low mass models. With the caveat that this behavior may be extremely
dicult to quantify observationally (given the typical lightcurve behavior), it
could be an important test of thermal-pulsing AGB stellar evolution models.
3.4. A Carbon Star in NGC 2056
We conclude this paper by presenting the typical lightcurve of an LMC carbon
star. NGC 2056 is a young cluster with three AGB stars identied by Aaronson
and Mould (1985). A spectrum obtained by us at CTIO conrms that AM-3, aka
MACHO 11.9109.23, is a carbon star. The four-year R and (V −R) lightcurves
are presented in Figure 8. The luminosity is somewhat fainter than expected
if it is associated with NGC 2056, which may suggest the chance coincidence
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of an LMC eld carbon star with the cluster. The lightcurve shows two fading
episodes, which are consistent with discrete mass-loss events.
Making several gross simplifying assumptions we can derive a dust mass-
loss rate for this star. We preliminarily identify a cycle of 800 days for the
fading episodes, where in 150 days the star fades and reddens and then returns
to its bluest color in 650 days. We adopt a stellar radius, R = 400R, and
a dust condensation radius of Rdf = 3R = 1200R. Assuming the dust shell
expands at vexp = 10 km sec
−1, and dust opacities of V = 72 cm g
−2 and R
= 59 cm g−2 (Jura 1986), the color change of (V − R)  0.15 mag in 650
days yields a mass of dust, Mdust  2.510
−8 M condensing in a spherical
shell and expanding radially outward. If this repeats every 800 days, the dust
mass-loss rate is 110−8 M year−1, which is certainly no more than an order
of magnitude estimate.
We have identied 300 MACHO red variables as known LMC carbon
stars from the catalogs of Blanco, McCarthy, and Blanco (1982). The lightcurve
behavior shown in Figure 8 is quite common.
Table 1. LMC cluster AGB variable star data in this paper
Macho Id. Id. < P > < R > < V > K J −K mbol Sp.T.
N 1783
55.3008.13 LE-1 410 15.77 17.55 10.26 1.93 13.47 C
55.3008.12 LE-2 46.3 15.06 16.22 11.27 1.13 14.19 S4/2
55.3129.16 LE-3 307 15.07 16.41 10.37 1.60 13.41 C
55.3129.12 LE-4 128 15.06 16.22 11.10 1.09 13.98 S5/2
55.3129.14 LE-5 120 15.03 16.09 11.23 1.09 14.11 M3
55.3008.14 LE-6 62.4 15.07 16.11 11.34 1.08 14.20 M3
55.3129.13 LE-9 270 15.25 16.56 10.93 1.11 13.83 S5/3
55.3129.15 LE-15 63 14.94 15.88 11.78 1.00 14.49 M1
N 1898
78.5857.27 AM-6 51.5 15.30 16.06 12.38 0.94 15.03 M?
78.5857.25 AM-4 46.1 15.32 16.20 11.71: 1.08 14.62: M?
78.5857.38 AM-1 35.8 15.50 16.24 12.58 0.98 15.32 M?
N 2056
11.9109.23 AM-3 89 15.64 16.64 11.48 1.39 14.44 C
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